The formation of satellites is thought to be a natural by-product of planet formation in our Solar System, and thus, moons of extrasolar planets (exomoons) may be abundant in extrasolar planetary systems, as well. Exomoons have yet to be discovered. However, moons larger than 0.1 Earth masses can be detected and characterized using current transit techniques. Here, we show that collisions between rocky planets with masses between a quarter to ten Earth masses can create impact-generated debris disks that could accrete into moons. Collisions between like-sized objects, at oblique impact angles, and velocities near escape speed create disks massive enough to form satellites that are dynamically stable against planetary tides. Impacts of this type onto a superearth between 2 to 7 Earth masses can launch into orbit enough mass to create a satellite large enough to be detected in Kepler transit data. Impact velocity is a crucial controlling factor on disk mass, which has been overlooked in all prior studies of moon formation via planetary collision.
INTRODUCTION
The Kepler spacecraft has discovered thousands of extrasolar planets, many of which may be "superearths," planets with a rock/metal composition, but with masses larger than Earth's mass (Borucki et al. 2010; Batalha 2014; Borucki 2016) . With the discovery of so many extrasolar planets, the question naturally arises: could these planets have moons?
A wide variety of techniques have been proposed for exomoon searches (see, e.g., Heller et al. 2014 and Barr 2016 for discussion), however transit techniques hold the most promise for characterization of the moon, allowing a determination of both its mass and radius. A large exomoon causes the planet/moon system to wobble around the system's center of mass (Szabó et al. 2006) , which changes the timing between transits, and the duration of transits (Kipping 2009) . The magnitude of these effects depend on the satellite-to-planet mass ratio (Ms/M pl ), and other orbital parameters (Sartoretti & Schneider 1999; Kipping 2009 ). Large moons, and moons that are large relative to their parent planet, are most likely to be detected by the Hunt for Exomoons with Kepler (HEK) or any other transit-based survey (Kipping et al. 2012) . The simplest and most restrictive detection criterion for the HEK study places the detection threshold at moons greater than ∼ 0.1 Earth masses (ME = 5.98 × 10 27 grams) (Kipping et al. 2012 ).
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Of the mechanisms of satellite formation operational in our Solar System, planetary collisions between rocky/icy bodies are the most likely to create systems with large Ms/M pl . The two planet/moon systems in our Solar System with the highest values of this ratio are Earth's Moon (Ms/M pl ∼ 0.012), and Pluto/Charon (Ms/M pl ∼ 0.12), which are both thought to have formed from debris created by a collision of two large objects (Hartmann & Davis 1975; Cameron & Ward 1976; Canup & Asphaug 2001; Canup 2004 Canup , 2005 Canup 2011; Kenyon & Bromley 2014) . These types of collisions are thought to be common during the late stages of the formation of terrestrial planets, both in our Solar System, and others (Agnor et al. 1999; Morishima et al. 2010; Morbidelli et al. 2012; Chambers 2013) . Depending on the speed of the collision, the impact angle, and the ratio between the masses of the "impactor" (smaller body) and the "target" (larger body), the collision can result in a merger, the formation of an impact-generated disk (from which a moon or moons could form), stripping of the mantle of the target Asphaug et al. (2006) , or a disruptive collision resulting in a cloud of debris (see, e.g., ).
To date, most numerical simulations of giant impacts have been performed with the goal of reproducing the mass, angular momentum, and composition of the Earth-Moon system (e.g., Benz et al. 1989; Canup & Asphaug 2001; Canup 2004; Elser et al. 2011; Canup 2012; Ćuk & Stewart 2012; Reufer et al. 2012; Meier et al. 2014; Hyodo et al. 2015) and Pluto-Charon system (Canup 2005; Canup 2011 ). Very few simulations of satellite formation via giant impact have been performed for impacts involving a total mass, MT > ME. Not much is known about how the process scales with MT , or with impact velocity (vimp), angle (θ), or impactor-to-system mass ratio (γ). Moreover, there is no analytic scaling relationship to predict the outcome of an impact between two planet-scale objects in the parameter space conducive to forming large satellites. Recent work shows that the creation of large Ms/M pl is not assured in a giant impact: depending on impact geometry and speed, giant impacts can also yield systems with much smaller Ms/M pl , such as Phobos and Deimos at Mars (Citron et al. 2015; Rosenblatt et al. 2016 ) and the small ice-rich moons of the Kuiper Belt Object Haumea (Leinhardt et al. 2010) .
Here, we report the results of the first hydrocode simulations of the formation of impact-generated debris disks around superearth planets. Because the accretion of moons in impact-generated disks has only been studied in detail for Earth-mass planets, we consider the mass of the disk to be the hard upper limit to the mass of moon that could be created in an impact (Elser et al. 2011) . We show that the disk mass depends on impact velocity, which has been overlooked in existing studies, which only consider vimp ∼ 1 to 1.4 times the mutual escape velocity of the system. The impact angle and impactor-to-system mass ratio are also shown to have systematic effects on the disk mass. To date, such relationships have only been partially explored, and only within the context of the impact that formed Earth's Moon. Finally, we suggest avenues for future work, including additional hydrocode simulations to further constrain how disk mass varies with impact conditions, the development of disk evolution models suitable for the high-temperature, massive disks produced in impacts between superearths.
BACKGROUND

Disk Mass
The mass of a satellite formed in a collision depends on the mass of disk material, Mo, its angular momentum, Lo, and the efficiency with which that material is accreted into one or more final moons (Ida et al. 1997; Canup 2008) . The mass and angular momentum of material launched into orbit depend on the impact geometry, velocity, and objects' compositions. Figure 1a illustrates the geometry of the initial condition of a planet-planet collision, and the definition of the impact angle, θ. Impacts that create massive disks, conducive to forming massive satellites, usually occur at close to the mutual escape velocity of the system, vesc,sys = 2G(Mt + Mi)/(Rt + Ri), where M and R are the mass and radius of the target and impactor. The quantity γ = Mi/(Mi+Mt), expresses the ratio between the mass of the impactor to the total mass involved in the collision.
Previous numerical simulations have constrained the mass of impact-generated disk created for MT ∼ ME, 0.1 γ 0.2, moderate impact angles, and 1 vimp/vesc 1.4. Their results show that the disk mass, Mo, depends on the mass of the lens-shaped region representing the overlap between the target and impactor, Minteract (Canup 2008 ; Lein- 
The factor Cγ ∼ 2.8(0.1/γ) 1.25 is determined empirically based on the results of impact simulations (Canup 2008) . If equation (1) holds for a wide range of impact velocities and angles, it would be possible to predict Mo, and thus the maximum Ms, without having to simulate the impact. Unfortunately, the value of Cγ has only been determined for a narrow range of impact conditions. Its applicability to impacts beyond these ranges is unclear.
Moon Mass
After the collision, the debris cloud quickly collapses to a disk (Ward & Cameron 1978) , which extends from the surface of the planet, to well beyond the Roche limit, the distance from the planet where tidal forces become too weak to prevent accretion. The Roche limit lies at aR = [3ρ pl /ρs] 1/3 R pl , where R pl is the planet radius, ρ pl is the density of the planet, and ρs is the density of disk material (Murray & Dermott 1999; Elser et al. 2011) . For the Earth, aR ∼ 2.9RE, where the radius of the Earth RE = 6371 km. For the disk temperatures and densities associated with the Moon-forming impact, the portion of the disk inside the Roche limit exists as a two-phase liquid/vapor mixture (Thompson & Stevenson 1988; Ward 2012; Charnoz & Michaut 2015) . The disk spreads inward, toward the planet, and outward beyond the Roche limit on a time scale that depends on the balance between heating and cooling processes in the disk (Ward 2012; Charnoz & Michaut 2015) .
At present, it is only possible to provide an upper limit on the mass of moons that could be created from a planetary collision. Collisions between bodies with masses much greater than ME involve much higher impact velocities and create disks with higher temperatures and more vapor than those appropriate for the formation of Earth's Moon. Although the thermal and physical evolution of an impactgenerated silicate melt/vapor disk has been studied in detail for Moon-forming conditions, very little is known about how much more massive or hotter disks might behave.
Because of the complexity of disk models and disk pro-cesses, most studies of the sweep-up of debris post-impact assume that the disk material has simply condensed into solid particles (e.g., Ida et al. 1997; Kokubo et al. 2000; Hyodo et al. 2015) ; accretion is then governed solely by gravitational forces. In a purely particulate disks with Mo/M pl > 0.03, of the type created in the Moon-forming impact, accretion of a single satellite is favored (Ida et al. 1997; Kokubo et al. 2000; Hyodo et al. 2015) , and its mass (ML) is proportional to the ratio of disk angular momentum to the angular momentum of an orbit at the Roche limit (Ida et al. 1997; Kokubo et al. 2000) ,
where a = 1.9, b = 1.15, and c = 1.9 are numerical coefficients obtained from fitting the outcomes of many N -body simulations, Lo is the angular momentum of orbiting material, and the amount of mass that escapes the system during accretion, Mesc ≤ 5%. For disks with 0.003 < Mo/M pl < 0.03, a handful of N -body simulations for a narrow range of Lo show that formation of two satellites is favored (Hyodo et al. 2015) , especially in disks with low angular momentum. The mass of the first satellite is proportional to M 2 o . The two satellites can be comparable in mass, or quite dissimilar in size, and can form in a 2:1 mean motion resonance, or be co-orbital (Kokubo et al. 2000; Hyodo et al. 2015) . For Mo/M pl < 0.003, N -body simulations of disks with low mass but constant surface-mass density (not a realistic assumption for impact-generated disks) show that ML/M pl ∼ 2200(Mo/M pl ) 3 (Crida & Charnoz 2012 ). At present, only two studies have been able to simulate the coupled evolution of the liquid/vapor disk and gravitational sweep-up of debris outside the Roche limit (Salmon & Canup 2012 . For disks created by the oblique, "canonical" Moon-forming impact identified by Canup (2004) , their study finds a = 1.14, b = 0.67, and c = 2.3, thus predicting slightly lower moon masses than prior studies. These coefficients also hold for relatively higher-temperature and more massive disks created by the head-on collision of two ∼ 0.5ME objects (Salmon & Canup 2014 ), but their applicability to superearth collisions has not been established.
METHODS
Hydrocode Simulations
We simulate impacts using the Eulerian/Adaptive Mesh Refinement CTH shock physics code (McGlaun et al. 1990 ), which solves the governing equations of shock wave propagation and deformation. CTH has been recently modified to include self-gravity (Crawford 1999; Crawford et al. 2006) . CTH has been widely used by the planetary science community to simulate local-and planetary-scale impacts (e.g., Pierazzo et al. 1997; Barr & Citron 2011; Bruck Syal et al. 2015) , including the Moon-forming impact (Canup et al. 2013) .
We use an improved version of the semi-analytic equation of state, ANEOS (Thompson & Lauson 1972) , which includes a description of molecular (as opposed to purely atomic) vapor (Melosh 2007) with coefficients for iron and rock (dunite composed of 100% forsterite, Mg2SiO4) from Thompson & Lauson (1972) , Canup & Asphaug (2001) , and Canup et al. (2013) . The impacts are simulated in a fully three-dimensional Cartesian domain, ∼ 125RE on a side to ensure that no material leaves the domain. We use adaptive meshing to concentrate numerical resolution in locations of high density (e.g., Crawford & Kipp 2010) . Our scheme puts roughly equal mass in each grid cell, mimicking the way that smoothed particle hydrodynamics (SPH) divides mass into particles (Canup et al. 2013) . The smallest element is ∼ 0.01Rt to 0.05Rt, or a few tens to hundreds of kilometers. At the endpoint of a simulation, the planet, disk, and any orbiting clumps of material are typically represented by 10 6 to 10 7 elements.
Initial Conditions
The bodies are initially ∼ (Rt +Ri) apart. Each body moves toward the other in thex direction at a velocity chosen so that the center of mass remains close to the center of the domain. In this initial exploratory study, we do not include the effect of pre-impact rotation, which has been shown to affect Mo (Canup 2008) . Different impact angles are obtained by changing the initial location of the impactor in theŷ direction. The target and the impactor are 30% iron and 70% dunite by mass (Canup 2004; Marcus et al. 2009 ). We specify an initial estimate for the central temperature and surface temperature for both the impactor and the target. In its first time step, CTH uses a built-in subroutine to determine initial pressure and density profiles consistent with the equations of state, and the estimated central and surface temperatures. Initial masses and radii for the target and impactor are used to calculate Minteract, the amount of impactor and target material contained in the lens defined by Figure 1b . We also calculate the proportions of rock and metal contained in the overlapping lens. For the simulation depicted in Figure 2 , Minteract/MT ∼ 10 −3 . Figure 2 illustrates the first six hours of an example CTH impact simulation between two rock/metal planets. The total mass in the collision, MT = 7.2ME, γ = 0.1, vimp ∼ 0.7vesc, and impact angle of 70
Analysis
• . The target planet has mass Mt = 6.38ME, and it collides with a smaller object Mi = 0.82ME. Early in the simulation, material beneath the impact point is launched into orbit around the planet. The iron cores of the two objects merge. These behaviors are similar to those observed in the canonical Moon-forming impact. The disk of material generated in this collision is denser, with vapor densities ∼ 10 −2 g/cm 3 , compared to ∼ 10 −4 g/cm 3 at comparable times in the Moon-forming impact (see, e.g., Figure  4 of Canup et al. (2013) for comparison).
For each simulation, we track the disk mass (Mo) and angular momentum (Lo) as a function of time. Figure 3 illustrates the evolution of these quantities as a function of time, for the simulation depicted in Figure 2 . The end result of a giant impact simulation is a cloud of material orbiting a central concentration of mass, and it is not immediately clear how to determine which material is part of the "planet" and which is part of the "disk." We follow the procedure described by . We guess the physical size Figure 2 . CTH simulation of a Mt = 6.38M E planet colliding with a M i = 0.82M E impactor at v imp /vesc = 0.7, at 70 • . Both objects are composed of 70% dunite and 30% iron by mass. Colours indicate densities on a logarithmic scale, with orange/red indicating ρ > 1 g/cm 3 (solid material), blue/green indicating ρ ∼ 10 −3 g/cm 3 (vapor), and dark blue indicating ρ ∼ 10 −6 g/cm 3 (diffuse vapor). The collision yields an orbiting disk of mass Mo ∼ 0.15M E . If all of the disk material accumulates into a single moon, the moon has a radius R L ∼ 3570 km (0.58 R E ). The final mass of the planet is 7M E .
of the planet, R pl , which is usually larger than Rt, because some of the impactor material will have merged with the planet. For parcels outside the planet, we calculate the radius of the equivalent circular orbit, rcirc. If rcirc < R pl , its mass is added to the planet. This procedure is repeated iteratively until the mass and radius of the planet converge . We also determine the mass of material that is gravitationally unbound from the system, Mesc. A simulation is considered "complete" when Mo and Lo do not change significantly in between time steps.
The satellite will only survive its earliest tidal evolution if the semi-major axis of the synchronous orbit is greater than the Roche limit (Elser et al. 2011) . The Roche limit is the closest that a strengthless satellite can get to the planet without being pulled apart by the planet's gravity. Immediately after its accretion, the satellite and the planet will begin to exert gravitational torques on each other. If the satellite is originally located far from the planet, so that its orbital mean motion (n) is greater than the spin frequency of the planet (Ω), the satellite will migrate inward, toward the planet, until Ω = n. If the satellite is located close to the planet, it will migrate away from the planet until Ω = n (see e.g., Murray & Dermott (1999) for discussion). The synchronous rotation point, defined as the location where Ω = n is, rsync = [(GM pl )/(Ω 2 )] 1/3 . The spin frequency of the planet can be calculated from the angular momentum of the material judged to be part of the planet: L pl = I pl Ω, where the planet's moment of inertia, I = α pl M pl R 2 pl , and R pl is the radius of the final planet. The quantity α pl is the polar moment of inertia coefficient, which we calculate based on the planet's interior state. Figure 4 illustrates the locations of our simulations in MT , impact velocity, θ, and γ parameter space. To begin to understand the conditions that lead to large satellites, we have Figure 2 . A few hours after the impact, any clumps of material have re-impacted the planet, and the disk spreads, due in part to the numerical viscosity in CTH (Canup et al. 2013) , onto the planet and outward, resulting in a decrease in Mo for t > 10 hours. explored a few "slices" through parameter space. The first slice, depicted as the horizontal rows of points in each panel of Figure 4 , has a geometry identical to the Moon-forming impact, but different MT , ranging from 0.266 to 18.1 Earth masses. For MT = 7ME, we explored different values of γ (ratio of impactor to target mass) while keeping other parameters equal to that for the Moon-forming impact (vertical series of points in Figure 4a ). Simulations also spanned a range of impact angles, shown in Figure 4b , and velocities, shown in Figure 4c . For a full list of the simulations performed for this paper, see Table A1 . Figure 5a illustrates how Mo/M pl depends on impact velocity when all other parameters are constrained to the values commonly used for the Moon-forming impact at Earth (MT = 7ME, γ = 0.11 and impact angle of 50.55
RESULTS
Impact Velocity
• ). Impacts with vimp/vesc,sys ∼ 1 yield the largest Mo for a given planet mass. For impact velocities less than the escape velocity, increasing vimp/vesc,sys leads to increasing Mo, Lo, and larger predicted masses: the disk mass increases by about an order of magnitude between vimp/vesc,sys = 0.774 and 1.042. This alone suggests that Equation (1) does not capture all of the relevant physical effects in planetary collisions conducive to forming moons. While these lower-speed impacts are somewhat less probable, requiring special orbital conditions to achieve, we include them here to demonstrate how deviating in either direction from the lunar-forming impact affects results.
When impact velocities exceed vesc,sys, the disk mass drops precipitously, by approximately two orders of magnitude between vimp/vesc,sys = 1.042 and 1.647. However, the three values of disk mass we calculated for larger velocities are relatively constant as a function of vimp. This hints at a possible rapid decrease in retained disk mass as impact velocities increase above vesc,sys and then a convergence to similar values as speeds increase further. It may be possible that two regimes exist: for velocities less than the escape velocity, disk masses increase as vimp increases; for vimp > vesc,sys, disk masses decrease and then remain relatively constant as vimp increases.
Impact Angle
Figure 5b shows how Mo/M pl varies as a function of impact angle, θ. Disk mass is highest for the most glancing impacts and decreases as the impacts approach normal incidence. This is consistent with previous work, which found that impact geometry is one of the most important controls on the final disk mass (Canup 2004) . As impacts become more oblique, ejecta momentum is directed downrange, away from the center of the target, allowing more material to be injected into orbit. Additionally, peak shock pressures are lower, which can aid in keeping shocked material at lower temperatures and less likely to escape the system. Interestingly, for the most head-on case (20 • from normal incidence), this trend reverses, as disk mass increases. This may be due to a tradeoff between the increased shock pressures and decreased focusing of downrange ejecta: as impacts approach normal incidence (which is statistically unlikely), increases in shock heating and vaporization drive a larger mass of material into orbit. This effect was not reported in previous studies, which have looked at only a limited range of impact angles.
Impactor-to-System Mass Ratio
Varying the impactor-to-system mass ratio, γ, also affects Mo/M pl as shown in Figure 5c . As the impactor and target approach equal size, the disk mass increases: simulations result in an order of magnitude larger Mo/M pl as γ increases from 0.115 to 0.45. These effects have not been systematically explored in previous work on satellite-forming impacts, which have generally been confined to either to γ < 0.15 (Canup 2004; Ćuk & Stewart 2012) , or γ > 0.4 (Canup 2012) . The heightened efficiency of these larger impacts in creating much more massive debris disks have important implications for the upper limits for collisionally formed moons in exoplanetary systems.
DISCUSSION
Our results are the first to demonstrate the wide diversity of moons expected to form in the more varied set of impact conditions possible within exoplanetary systems. Most importantly, we have shown that it is possible to form exomoons with masses above the theoretical detection limits of the ongoing HEK survey (Ms > 0.1ME). Using the mass of the disk as a hard upper limit on the mass of moon that could form (Elser et al. 2011) , we show that moons Ms > 0.1ME can form around superearths in collisions with a large impactor-to-system mass ratio, γ, oblique impact angles, and impact velocities near the system escape speed, vimp/vesc,sys ∼ 1. In our initial suite of impact simulations, we find ten different cases resulting in disk masses Ms > 0.1ME, including an oblique, escape-velocity impact between 2.3ME planet and a 0.75ME impactor, and impacts involving MT ∼ 7ME for a variety of impactor sizes, angles, and velocities (Table A1) . We find that that disk mass is very sensitive to the impact velocity. The disk mass is maximized for vimp ∼ vesc,sys, close to the characteristic velocities expected for accretional impacts during the late stages of planet formation ( Morishima et al. 2010; Chambers 2013) . For vimp > vesc, the disk masses fall off as a strong function of vimp. The existing scaling relationship for disk mass (Equation 1) does not consider changes in impact velocity. Additionally, the effects of changing γ have only been considered over relatively limited ranges for this value. This motivates the development of a new scaling relationship, which we suggest can take the following form:
The Levenberg-Marquardt method is used to perform a nonlinear least squares inversion on the results (Press et al. 1992) to constrain the values of fitting parameters A, a, b, and c. Figure 5d illustrates a comparison between the Mo/MT data and Equation 3 with A ∼ 0.28, a ∼ −2.7, b ∼ 3.7, and c ∼ −2.7. The 2-σ error bars on the fitting parameters are large, about 50% the magnitude of the coefficients themselves, thus, it is clear that more simulations will be required to obtain better estimates of the fitting coefficients. Alternatively, a different scaling relationship, perhaps with multiple regimes, may be necessary to account for the full array of conditions encountered in exoplanetary giant impacts. An alternative means of predicting Mo would be to look at how the ratio between the disk mass and the total mass, Mo/MT , varies with the angular momentum of the collision. The results of candidate Pluto/Charon impacts from Canup (2005) show that Mo/MT is proportional to J col , the normalized angular momentum of the collision,
where Figure 6a illustrates how Mo/MT varies as a function of J col . A fit to our data (illustrated in Figure 6b) shows that Mo/MT ≈ 2.15J
2.79
col over several orders of magnitude in Mo/MT . However, it is clear that further simulations will be needed to determine how the disk mass varies with collision geometry. Additional simulations we are presently undertaking will allow us to better-constrain these relationships.
As demonstrated in Figure 7 , we have already created a suite of objects that could be detectable with HEK. The To date, most numerical simulations of giant impa of reproducing the mass, angular momentum, and com (e.g., Benz et al. 1989; Canup and Asphaug 2001; Canu Ć uk and Stewart 2012; Reufer et al. 2012; Meier et al. 2 5 here) and Pluto-Charon system (Canup 2005) . Very via giant impact have been performed for other system impacts involving a total mass M T >> M E . Not much planetary mass, or with impact velocity, angle, or imp there is no analytic scaling relationship to predict th objects in the parameter space conducive to forming that the creation of a large M s /M pl is not assured in geometry and speed, giant impacts can also yield syst as Phobos and Deimos at Mars (Citron et al. 2015) a Belt Object Haumea (Leinhardt et al. 2010) . Constra simulations of candidate impacts; this is the goal of ou 3 Figure 7 . Satellites in our Solar System (dots) plotted alongside simulation results from this study (x symbols), as a function of host planet mass, M pl (in Earth masses, M E ), and final satelliteto-planet mass ratio, Ms/M pl . The approximate detection limits for exomoons by the Kepler spacecraft are indicated by the "HEK Limit" line. Note that many of the impact-generated moons modeled in this work exceed the HEK survey detectability threshold.
largest satellite-to-planet mass ratio we have obtained so far is 6%, created in an impact with MT ∼ ME, γ = 0.33, and θ = 62
• at vimp/vesc ∼ 1, not dissimilar from that inferred for the formation of the Pluto/Charon system (Canup 2005; Canup 2011 ). The satellite orbits an Earth-mass planet, but it is five times the mass of the Moon. This satellite could be observable in the HEK survey, but it is only marginally stable against planetary tides, with rsync ∼ aR. The most massive disk we have created so far is 0.3ME, from a collision with MT = 7ME, γ = 0.1, θ = 50
• , at vimp ∼ vesc. The disk material is iron-rich, and if it were assembled into a single satellite, its density would be 4.37 g/cm 3 , comparable to the uncompressed density of the Earth. This satellite is stable against tidal disruption, with rsync ∼ 2aR.
We have, by necessity, calculated the upper limit on the mass of satellite that can be created in an impact. Simulations of the accretion of impact-generated debris show that the disk need not form a single satellite, and that the mass of satellite(s) created additionally depends on the disk angular momentum and behavior of the disk inside the Roche zone (Ida et al. 1997; Salmon & Canup 2012 Hyodo et al. 2015) . A very promising avenue of future work would be to adapt the disk models and N -body accretion models to characterize moon formation in impact-generated disks of the type produced in our study. This would also include looking at variations in disk composition (e.g., more metalrich disks). The disks produced in our study display a wide range of temperature and pressure conditions, with impacts between larger-mass planets yielding hotter disks. Thus, the relationship between disk mass and final moon mass may change with MT . In future studies, we will report on disk temperature, pressure, and phase, so as to facilitate the construction of superearth disk models.
Our study of the types of exotic moon-forming impacts possible within exoplanetary systems has yielded promising initial results, relevant to the current efforts to observe exomoons. The models suggest that detectable rocky exomoons can be produced for a variety of impact conditions and may be associated with host planets of various sizes. Previously defined scaling relationships for expected moon masses produced in planetary collisions have been confined to the narrow range of cases specific to the Moon-forming impact at Earth. Hence, these terrestrial-focused scaling laws will need to be updated and expanded to accommodate the full range of natural collisions expected to occur in other planetary systems. As the available suite of simulation results grows, these laws will be defined more rigorously. 
